Introduction
There are many papers on the ground-band energy spectra of even-even deformed nuclei.!1-13) Various theoretical expressions have been compared with experimental data. The best two-parameter result is the Holmberg-LipJS (HL) formula,(3) which Wu and Zeng (4) showed can be derived from the 'Bohr Hamiltonian, [l) , .
E(I) = a{(1 + b1(1 + 1))1/2 -i},
where I is the angular momentum. One might expect that the more parameters there are in a theory, the better the results will be. But many analyses show that this is often not the case.
For example, an analysis in terms of a power series in 1(1+ 1) or the squared angular frequency both shows that the best result is achieved with the'HL two-parameter form. Nonetheless, when high angular momentum states are taken into account, fitting procedures clearly show that the parameter a in Eq.
(1) should be either an increasing or decreasing function of the angular momentum. For example, by adding a /34 term to the Bohr Hamiltonian and calculating energy eigenvalues perturbatively to first order, Wu et al. derived the following three-parameter formula (TPF) [S,6 ) .
E(I) = a{1 + c(l + bI(1 + 1))1/2}{(1 + b1(1 + 1))1/2 -I},
(2) which yields better fits to experimental data than Eq. (1), especially when higher angular momentum states are taken into account. Another three-parameter formula (TPF-l), was proposed in Ref.
[6], namely, E(I) = a{1 + c(b1(I + 1)j1/2}{(1 + bI(1 + 1))1/2 -I}. (3) In these formulae, the parameters usually satisfy a »c ,..., b.
A new possibility for reproducing rotational spectra emerged with the development of quantum group theory, namely, the SUq(2) q-rotor modeI.l7,8)However, some recent calculations (9) show that the q-rotor theory yields results which deviate systematically from experimental data. Another two-parameter formula,[lO) based on the q-Poincare energy mass relation, is somewhat better than the SUq(2) q~rotor model. In Ref. [11] ' the two-parameter quantum group SUpq(2) was used to improve the quality of fits to experimental data, nevertheless, the mean error of this theory remains greater than that of the simpler TPF.
In this paper a new energy spectrum formula is proposed. It can be regarded as the energy spectrum formula for a general deformed rotor. The ground-band data of most even-even rare-earth and actinide nuclei are compared with this new result using a damped nonlinear -The project supported in part by grants from the US National Science Foundation and the State Education Commission of China tOn leave from Department of Physics, Liaoning Normal University, Dalian 116029, China PAN Feng, LUG Yan'an and J,P. Draa)'cr 422Ṽ ol. 31 .l east square fitting procedure. The results show that the new formula yields better results than the former TPF derived from perturbation theory.
II. The New Formula
As noted above, up to n0W, the best energy spectrum f6rmula for fitting the ground band of even-even deformed nuclei is TPF, a form that can be derived by applying first order perturbation theory to the Bohr Hamiltonian if it is augmented with a~anharmonic {34 term. To obtain further correction, even higher-order anharmonic terms are required. For example, if a (36, term is included so the Hamiltonian is augmented with a k1{34 + k2{36 term, where k1 and k-i' are small, the first-order perturbation result yields the following four-parameter energy spectrum formula (FPF) . E(I) = a{I + dI(I + 1) + e(I + bI(I + I))1/2}{(I + bI(I -..: 1»1/2 -I}. (4) In this e."<pressionthe parameters c and d can obviously be expressed in terms of k1 and le2' However, since the functional relationships between the c and d and the k1 and k2 parameters are too complicated they are not given here, rather, suffice it to note that if k2 is taken to be 0, equation (4) reduces to TPF, while if k1 is taken to be 0 another three-parameter formula (TPF-2) is obtained
which was also used in Ref. [6] .
These e."<pressions (TPF, TPF-1, TPF-2) can all be deduced from the HL'formula by making the a parameter a function of I(I +1), which as noted above, must ins;rease or decrease smoothly as a function of the angular momentum to obtain a better fit to'the e."<perimental data. This also suggests there may be merit in considering a q-deformed three-parameter theory, (q-TPF), of the type . We have done the same calculation using other q-deformed expressions from Eq. (3). We find that equation (6) is the best one of all.
To illustrate that the q-TPF reproduces the data well, the two parameters aHL and bHLin the HL formula were first adjusted to fit the 2t and 4t states of two representative rare earth and actinide nuclei,l72Hf and 244PU. Then experimental values for a, aexp(I) with I 2: 4, were deduced from the HL formula via the expression
where Eexp(I) is the experimental energy of the Ith yrast state. The parameters a' and a" for the TPF and q-TPF, respectively, are likewise determined through the expressions
(9) where the parameters {aTPF' bTPF'~PF} and {aq.TPF'bq.TPF'Cq.TPF'q} are ali'determined through a least squares fit to yrast states using TPF and q-TPF,. respectively. And finally, results for aexp, aHL, a', and a" are plotted as a function of the angular momentum I. The results, as shown in Fig. 1 , are representative of all the rare earth and actinide nuclei: aHL, being a constant, deviates significantly from aexp(I) for I 2: 4j the a' values track aexp for higher I values but are systematically smaller than the corresponding aexp for low-lying states.
The a" values, on the other hand, give a very good representation of the data for all values of the angular momentum. '
In Eq. (6), the [1][I + 1] factor can be expanded in terms of 7", where q = eT, as
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In general, r can be a complex number. Whe~ITI < I, the e.''l:pandedform obtained by inserting Eq. (10) into Eq. (6), is similar to a special case of the energy formula derived using p~rturbation theory for a Bohr Hamiltonian with anharmonic terms,
Since equation (6) is a four-parameter theory (a, b, c, and Irl), it is a special case of the general result, one in which the ki parameters are functions of the S03 Casimir operator C2• To make this clear, consider only the term in the first parentheses of Eqs (4) and (6). Comparing first three terms in power expansion of 1(1+ 1) for Eqs (4) and (6), one obtains relations between two sets of parameters used in Eqs (4) and (6), namely
c + ,
' are a set of parameters used in Eq. (4). We find that r should be pure imaginary, r = ilrl. In this case, the term in the first parentheses of Eq. (6) increases or I decreases with 1(1+ 1) more smoothly than the (1 + c(1 + b1(I + 1))1/2) factor in TPF does. 
III. Calculated Results and Analyses
To analyze the effectiveness of these formulae in describing the experimental ground-band energy levels of deformed nuclei, a damped nonlinear, least-squares fitting routine was used. In the fitting process, the root-mean-square deviation Results of Table 1 show that the three-parameter formulae are better than the HL formula, and the four-parameter formula, equation (4-) is slightly better than the TPFs. The q-TPF yields the best overall fit.' . To compare formulae which have a different number of parameters, the quality of the fits can also be measured by the quantity
I
where n is the number of parameters in the formula and N is the total number of energy levels included in the fit. A systematic analysis also requires the following total absolute deviation for nuclei from the different regions,
where in this expression N1 is the total number of nuclei included in the analysis, and Si is calculated for individual nuclei using Eq. (18). The results are given in Table 2. . From Table 2 , it is clear that TPF is better than 'the HL formula, while q-TPF is better than TPF, again confirming that q-TPF is the best rotational formula for reproducing the yrast excitation spectra of deformed nuclei in the rare-earth and actinide regions. 
R.
Mallmann plots, which display the ratio R1 == (EI -Eo)/(E2 -Eo) with the total angular momentum I, as a function of R4 are frequently used to test the applicability of nuclear mo~els. For two-parameter theories, Mallmann plots are unique, while for multi-parameter theories they are not unique. Nevertheless, by eliminating a and employing a least-square fitting procedure to fit all but one of the parameters to the data the curves become a function of a single parameter for the R1 ratios with I~6 and R4• In this way, each Mallmann plot is again unique. For the TPF, b was fixed by a least-squares fitting procedure, while for the q-TPF case, the parameters band r were both fixed. The fitting process showed the results with r = ilrl to be much better than those with r real. Hence, in the calculation r = ijrl.
Mallmann plots for TPF and q-TPF with I = 8, 12, 16, respectively, are shown in Fig. 2 . The results demonstrate once again that q-TPF is better than TPF. Results for the ground-band rotational spectra of nuclei in actinide and rare-earth regions are given in Tables 3 and 4 , where Call is for TPF, and Cal2 is for q-TPF. The experimental data are arranged in alphabetical order: a-h are taken from Ref. [15] , I-n from Ref. [16] , i-k from Ref. [17] , and u-x from Ref. [18] . The root-mean-square deviations of TPF and q-TPF for various nuclei that were fitted are listed in Table 5 . From the results presented in Tables   3-5 , it can be seen that the mean values of the root-mean-square deviations for q-TPF are less than those for TPF for nearly all cases, with 232U, 230U, 238U, l76Hf, l7°Hf, l76Yb, and l68Yb being exceptions. Except for 232U and 230U, for which the number of energy levels and the root-mean-square deviations of q-TPF are the same as those used for TPF, the number of energy levels used in fitting the other nuclei is different. In most cases the q-TPF can be used to fit one or two more levels than the corresponding TPF. Indeed, if all the levels included in • 't:1 ll' 
IV. Conclusions
In this paper, formulae for a description of excitation energies of yrast states of even-even deformed nuclei are introduced and tested against ground-state band data on most even-even rare-earth and actinide nuclei. Parameters in the energy formulae were fit to data using a damped nonlinear least squares procedure. Measures for quality of fit of the formulae show that q-TPF is the best for reproducing the data. The results demonstrate that the q-TPF tracks experimental data better than other previously proposed forms. Why this is so remains an open question as does the even more fundamental issues addressing a deeper justification of the q-TPF.
. Note: After completion of this work, the authors became aware of Refs [19] and [20] . In Ref. '[19] , a unified description for yrast bands is proposed, one in which the parameter R = 1 scenario reduces to the HL formula. The results for deformed nuclei do not seem to represent much of an improvement over previous expressions. In Ref. [20] ' a different two-parameter formula is derived from the hydrodynamic model. The results are certainly better than those of the HL formula. A more careful analysis snows, however, that the root mean-square deviations of this new two-parameter expression are bigger than those for the TPF.
